The aryl hydrocarbon receptor nuclear translocator (ARNT), also designated as hypoxia-inducible factor (HIF)-1β, plays a pivotal role in the adaptive responses to (micro-)environmental stresses such as dioxin exposure and oxygen deprivation (hypoxia). ARNT belongs to the group of basic helix-loop-helix (bHLH)-Per-ARNT-Sim (PAS) transcription factors, which act as heterodimers. ARNT serves as a common binding partner for the aryl hydrocarbon receptor (AhR) as well as HIF-α subunits. HIF-α proteins are regulated in an oxygen-dependent manner, whereas ARNT is generally regarded as constitutively expressed, meaning that neither the arnt mRNA nor the protein level is influenced by hypoxia (despite the name HIF-1β). However, there is emerging evidence that tumor cells derived from different entities are able to upregulate ARNT, especially under low oxygen tension in a cell-specific manner. The objective of this review is therefore to highlight and summarize current knowledge regarding the hypoxia-dependent upregulation of ARNT, which is in sharp contrast to the general point of view described in the literature. Elucidating the mechanism behind this rare cellular attribute will help us to gain new insights into HIF biology and might provide new strategies for anticancer therapeutics. In conclusion, putative treatment effects on ARNT should be taken into account while studying the HIF pathway. This step is of great importance when ARNT is intended to serve as a loading control or as a reference.
INTRODUCTION
The aryl hydrocarbon receptor nuclear translocator (ARNT), also designated as hypoxia-inducible factor (HIF)-1β, is a transcription factor belonging to the basic helix-loop-helix (bHLH)-Per-ARNT-Sim (PAS) family. The bHLH-PAS proteins act as heterodimers, consisting of one signalregulated as well as one unregulated subunit. ARNT is considered to fit into the second group and serves as a binding partner for several signal-dependent bHLH-PAS members (discussed below) (1) . The human arnt gene is located on chromosome 1q21, encoding a protein of 789 amino acids (2) . ARNT is composed of a bHLH domain required for DNA binding, two PAS domains (PAS-A and PAS-B) essential for dimerization and one transactivation domain (3) . In addition, ARNT comprises a nuclear localization signal (NLS), mediating the import into the nucleus via the classical importin α/β-dependent pathway (4) . In general, ARNT expression is regarded to be ubiquitous (1) , constitutive (5) and in abundance (6) .
ARNT plays a key role in two distinct cellular signaling cascades responding to environmental conditions: the aryl hydrocarbon receptor (AhR) and the hypoxia-inducible factor (HIF) pathways (7, 8) . The AhR pathway senses ecological pollutants such as dioxins, which are considered to be among the most toxic chemicals known (9) . AhR is a cytosolic bHLH-PAS transcription factor consisting of a similar domain structure as described for ARNT. Appropriate compounds bind within the PAS domain of AhR, thereby inducing conformational changes and unmasking a NLS. Subsequently, AhR is translocated into the nucleus, where it heterodimerizes with ARNT. The transcriptional active AhR/ARNT complex binds to xenobiotic-responsive elements within the regulatory region of target genes and initiates transcription (7) .
The HIF pathway mediates cellular adaptive responses to reduced oxygen supply (hypoxia). It consists of three α subunits (HIF-1α, HIF-2α, HIF-3α) as well as the two β subunits ARNT and ARNT2 (3), which are two paralogues encoded by separate genes (1, 10) . By contrast to ARNT, ARNT2 expression exerts a tissue-restricted pattern and was detected in the central nervous system and the kidney as well as in breast cancer. However, there is evidence for an important role of ARNT2 during cellular hypoxic adaptation, but many functions remain to be elucidated (11) . (For a de-tailed description regarding differences of ARNT versus ARNT2, see the article by Hankinson [10] .)
All HIF proteins belong to the bHLH-PAS family and act as heterodimers composed of one α and one β subunit (3). The major difference between both groups is the type of regulation. The α subunits are regulated in an oxygendependent manner, whereas the β subunits are considered as constitutively expressed (1, 12) . Briefly, under sufficient oxygen supply (normoxia), HIF-1α is hydroxylated at two proline residues (Pro402 and Pro564 [13] ) within its oxygen-dependent degradation domain, followed by ubiquitination and proteasomal degradation ( Figure 1A ). In hypoxia, caused by the missing cofactor oxygen, this posttranslational modification is prevented, leading to HIF-1α accumulation, Figure 1 . The aryl hydrocarbon receptor nuclear translocator. (A) ARNT interconnects the HIF and AhR pathway. Under sufficient oxygen supply (normoxia), HIF-1α is hydroxylated at two conserved proline residues within its oxygen-dependent degradation domain (ODD) by prolylhydroxylase domain (PHD) enzymes. This posttranslational modification is recognized by the von Hippel-Lindau (VHL) tumor suppressor protein leading to ubiquitination and proteasomal degradation of HIF-1α. Asparaginyl hydroxylation residue within the C-terminal transactivation domain (TAD) of HIF-1α catalyzed by factor inhibiting HIF (FIH) prevents the recruitment of cofactors required for target gene expression. Hypoxia inhibits both PHD and FIH, thus leading to HIF-1α accumulation and nuclear translocation. Heterodimerization of HIF-1α and ARNT is mediated by PAS domains. Subsequently, the HIF-1α/ARNT complex (HIF-1) initiates target gene expression in conjunction with cofactors (that is, CBP/p300; not shown) (3) . By contrast, the AhR pathway is activated by environmental pollutants (for example, dioxin exposure), leading to nuclear translocation of AhR. Subsequently, AhR/ARNT complexes initiate the expression of target genes such as monooxygenases (7). ARNT is regarded as constitutively expressed but can be upregulated in response to hypoxia in a cell-specific manner (dotted arrow; see text for details). HRE, hypoxia responsive element; NPC, nuclear pore complex; VEGF, vascular endothelial growth factor; XRE, xenobiotic responsive element. (B) Proposed concept of hypoxia-dependent upregulation of ARNT and associated research questions.
Continued on next page nuclear translocation and heterodimerization with ARNT (12) . The HIF-1α/ ARNT complex (designated as HIF-1) is the master regulator mediating adaptive responses to low oxygen tension and initiates the transcription of numerous target genes by binding to hypoxiaresponsive elements in conjunction with the cofactors CBP/p300 (5, 14) . In addition to the oxygen-dependent regulation, the HIF pathway is controlled by phosphatidylinositol 3-kinase (PI3K)/ Akt signaling. This cascade can be activated by growth factors or oncogenic events (for example, loss-of-function of the negative regulator PTEN [phosphatase and tensin homolog]), leading to enhanced HIF-1α mRNA translation and thus elevated HIF activity (3, 15) .
HIF signaling significantly contributes to tumor progression by promoting invasion/metastasis, metabolic alterations and the induction of angiogenesis. Furthermore, it is associated with the resistance against radiation and chemotherapy, thus leading to poor patient survival (13, 16, 17) . Inhibition of this pathway by various compounds and strategies, including the disruption of HIF-α/ARNT heterodimerization, is therefore an attractive approach in cancer therapy (16, (18) (19) (20) (21) .
Following this strategy, Park et al. (22) showed by way of example that targeting the PAS domain of HIF-1α by small molecules is a feasible approach to developing novel HIF inhibitors.
This review focuses on the capability of certain cells to upregulate ARNT under hypoxia, which is in sharp contrast to the current point of view described in the literature. The aim of this article is therefore to highlight recent findings regarding the expression of ARNT and to identify future research questions to close this gap of knowledge in HIF biology.
HYPOXIA-DEPENDENT UPREGULATION OF ARNT
According to the point of view described in the vast majority of the literature, ARNT is regarded to be constitutively expressed (5, 15, 23) . This means that arnt mRNA and protein levels are maintained at constant levels independent of oxygen availability (5).
However, there was early evidence that ARNT is a hypoxia-inducible protein similar to its counterpart HIF-1α. In 1995, Wang et al. (24) published that ARNT was elevated on both mRNA and protein levels in cells exposed to hypoxia. An-other study published by Huang et al. in 1996 (25) reported that ARNT levels remained constant regardless of pO 2 . Herein, the authors challenged the results reported by Wang et al. (24) and argued against them to explain contradictory data (25) . Interestingly, the study published by Wang et al. (24) claiming that ARNT is elevated under hypoxic conditions was cited approximately four times more often than the study of Huang et al. (25) , which denies this observation (SCOPUS: 2892 versus 750; as of April 2014). Nevertheless, in the following years, it became part of the general notion that ARNT is not regulated by the oxygen tension.
Evidence for a cell line-specific hypoxic inducibility of ARNT was provided from Chilov et al. (26) . Herein, the authors demonstrated that exposure of human HeLa, Hep3B and LN229 cells to hypoxia did not alter ARNT levels. By contrast, ARNT was induced in murine L929 and Hepa1 cell lines under hypoxic conditions. Therefore, the authors concluded that only certain cells are able to upregulate ARNT under oxygen deprivation (26) .
The inducibility of ARNT in response to various stimuli was demonstrated by Zhong et al. (27) . In this study, the authors tested the hypothesis whether HIF-1α and ARNT are regulated by similar signaling pathways in human prostate cancer cells. Exposure of PC-3 cells to hypoxia, the hypoxia-mimetic cobalt chloride (CoCl 2 ) and growth factors increased ARNT protein expression. These effects were partly reversed by pharmacological PI3K/Akt inhibition. Interestingly, the authors mentioned that HIF-1α was more susceptible to PI3K/Akt suppression compared with ARNT, but this was not shown in more detail. Because of the observation that ARNT was elevated by the same stressors/stimuli as required for HIF-1α accumulation, it was deduced that both proteins have regulatory mechanisms in common within this cell type (27) .
Vavilala et al. (28) provided additional support for the cell line specificity of hypoxia-dependent ARNT upregulation. The data imply that ARNT was upregulated on mRNA level under hypoxia in at least two out of four cell lines. However, the regulation of ARNT was not the aim of this study, and the authors did not discuss this observation (28) .
Recently, Mandl et al. (29) investigated the hypoxia-dependent regulation of ARNT in human melanoma cells. Herein, time course experiments using the hypoxia-mimetic cobalt chloride revealed that ARNT was inducible on protein level in two of five cell lines. In addition, the study elucidated that ARNT was upregulated under hypoxia in an HIF-1α-dependent manner in 518A2 human melanoma cells. This report provides the first evidence that HIF-1α obviously controls the expression of its binding partner ARNT in a cell type-specific manner. Overall, it was concluded that hypoxia-dependent upregulation of ARNT might prevent this transcription factor from becoming a limiting factor (29) . The concepts published in the previous study were in line with Wolff et al. (30) . The authors demonstrated the inducibility of ARNT in response to hypoxia as well as hypoxia mimetics (that is, cobalt chloride, dimethyloxalylglycine) in a number of cell lines, including MCF-7 breast cancer cells. Interestingly, this study revealed that hypoxia-dependent upregulation of ARNT is not necessarily accompanied with an elevated arnt mRNA level (30) . This result implies different mechanisms acting on both mRNA and/or protein level in a cell type-dependent manner. Examples of cell lines able to upregulate ARNT under hypoxic conditions are listed in Table 1 .
Furthermore, the latter study also identified two cell lines (that is, HepG2 and Kelly) that were not responding with ARNT elevation after 24 h of prolonged hypoxia (30) . Therefore, these cells might be useful controls in future studies.
ROLE OF ARNT IN TUMOR DEVELOPMENT AND PROGRESSION
Because ARNT is generally considered to be constitutively expressed, the knowledge about its role in tumor biology is limited and underrepresented. However, recent findings that certain tumor cells are able to upregulate ARNT in response to oxygen deprivation suggest an advantage regarding cell proliferation and/or cell survival during tumourigenesis.
A few single nucleotide polymorphisms have been described within the arnt gene that occur at low frequencies among the population (2). Two-thirds of these mutational events affect the PAS and transactivation domains of the protein. There is evidence that a single point mutation within the PAS domain is sufficient to promote ARNT degradation, potentially lowering constitutive ARNT protein levels (2). In addition, mutations within the PAS domains of ARNT affect the recruitment of binding partners (2, 31) . However, the misregulation of bHLH-PAS proteins is considered to potentially promote tumor survival (1). Evidence for an important role of ARNT during tumor growth was provided by Shi et al. (32) . Herein, the au- thors monitored the growth of Hepa-1 cells conditionally expressing arnt in a murine xenograft model. On the basis of the kinetic data, it was concluded that ARNT is especially required during early stages of tumor growth. Furthermore, the authors proposed ARNT as a preferable drug target compared with HIF-1α in certain tumors (32) . The role of ARNT as a potential attack point for therapeutics in a subset of cancers was confirmed by a recent study that links the expression of this bHLH-PAS transcription factor to cisplatin resistance (33) . The cisplatin resistance was mediated by the ARNT/Sp1-dependent transcription of the multidrug resistance-1 (MDR1) gene, which encodes an ATPbinding cassette (ABC) transporter promoting the efflux of this anticancer drug (33) .
OPEN QUESTIONS
Hypoxia-dependent upregulation of ARNT is obviously a cell type-specific attribute (29, 30) . Therefore one might ask how these cells acquire the capability to elevate ARNT expression under oxygen deprivation. Mechanistic insights from recent studies suggest that different ways might exist (29, 30) . However, the regulation of ARNT or if it responds to stimulation is poorly understood (34) . Regarding the expression of ARNT under hypoxic conditions, a pivotal role of HIF-1α was revealed in one cell line (29) . Indeed, HIF-1α can perform several tasks independent of its binding partner ARNT and thereby contribute to cell-specific transcriptional responses to hypoxia (15) . It was demonstrated that HIF-1α might act as a coactivator or repressor on certain genes. In addition, HIF-1, which is composed of HIF-1α and ARNT, can induce the expression of genes encoding other transcription factors or micro-RNAs (miRNAs). These hypoxia-responsive transcription factors and miRNAs in turn can induce or repress the expression of secondary HIF-1 target genes (15) . Both mechanisms might therefore account for the cell-specific upregulation of ARNT under oxygen deprivation (29) . The concept of hypoxia-dependent upregulation of ARNT and key questions regarding the underlying mechanisms are summarized in Figure 1B . Therefore, future studies are needed to address these issues. In general, projects aiming to investigate the HIF-α subunits should extend the focus and include ARNT into the setting. Because of the general notion that ARNT is unaffected by hypoxia, the role of this protein might not be considered as biologically relevant or influenced under certain experimental conditions. The additional effort to study ARNT as well will be less compared with the scientific benefit.
CONCLUSIONS
The capability of certain cells to elevate ARNT in response to hypoxia is an interesting new concept in HIF biology. Only a very limited number of studies exist that focus on the regulation of ARNT, especially under hypoxia.
According to an overwhelming quantity of reviews, ARNT is constitutively expressed (12, 23, (35) (36) (37) (38) , meaning that neither the arnt mRNA nor the ARNT protein level is influenced by hypoxia (5). By contrast, recent studies clearly demonstrate the existence of exceptions from this dogma (29, 30) . Therefore, the statement that ARNT is constitutively expressed should be revised and not generalized anymore. While studying the HIF pathway, putative treatment effects on ARNT should be considered and more often controlled in future studies. This step is of great importance when ARNT is intended to serve as a loading control or as a reference.
Uncovering the mechanisms of hypoxia-dependent upregulation of ARNT as well as the benefit of this capability for appropriate cells will close a gap of knowledge in HIF biology and might reveal new targets for anticancer therapeutics.
